Background Sarcopenia is a progressive age-related skeletal muscle disorder associated with increased likelihood of adverse outcomes. Muscle wasting is often accompanied by an increase in body fat, leading to 'sarcopenic obesity'. The aim of the present study was to analyse the association of lifestyle variables such as diet, dietary components, physical activity (PA), body composition, and inflammatory markers, with the risk of sarcopenic obesity. Methods A cross-sectional analysis based on baseline data from the PREDIMED-Plus study was performed. A total of 1535 participants (48% women) with overweight/obesity (body mass index: 32.5 ± 3.3 kg/m 2 ; age: 65.2 ± 4.9 years old)
Introduction
Sarcopenia is an age-associated process characterized by a progressive loss of skeletal muscle mass and strength.
1 This condition is a major health concern in older adults because it has been associated with metabolic impairments, cardiovascular disease risk factors, and physical and functional disability and increases the likelihood/risk of early mortality.
2
All these metabolic and physical alterations cause important healthcare costs and significantly affect quality of life.
3
Sarcopenia often coexists with obesity leading to a specific condition named 'sarcopenic obesity'. 4 Current evidences suggest that sarcopenic obesity may be associated with a larger number of metabolic disorders and an increased risk of mortality than obesity or sarcopenia alone. 5 However, few studies have been carried out in this field and with contradictory results. Cross-sectional studies in sarcopenic obesity subjects have reported higher prevalence of cardiovascular risk factors and metabolic syndrome in those individuals. 6, 7 Strong associations with inflammatory markers compared with sarcopenia-only subjects have been found. 8 Conversely, some longitudinal studies have shown that sarcopenic obesity does apparently not confer any greater mortality risk than sarcopenia alone.
9-11
There is evidence that the biological process of ageing is characterized by oxidative stress and mitochondrial dysfunction. 12 Increased reactive oxygen species production and decreased antioxidant defences in older people seem to be important factors contributing to muscle impairment.
13
During ageing, in turn, chronic low-grade inflammation, called inflammaging, develops, which contributes to the pathogenesis of age-related diseases. 14 Inflammaging has been described as a common biological component of main age-related chronic diseases such as atherosclerosis and type 2 diabetes mellitus, and age-related conditions like sarcopenia, frailty, and disability. 15 Another new concept that has emerged is 'metaflammation', the metabolic inflammation accompanying metabolic diseases driven by nutrient excess or overnutrition; metaflammation is characterized by the same mechanisms underpinning inflammaging. Lifestyle factors like diet and physical activity (PA) are able to modulate oxidative and inflammatory processes. 16 Improving nutrition has been proposed as an effective strategy to reduce inflammaging and to prevent or decelerate diet-related and age-related diseases. 17, 18 Therefore, it could be hypothesized that lifestyle could play an important role in the management and reversion of muscle mass loss and promote a healthy body composition (BC). In fact, PA (resistance training) in combination with proper nutrition (protein intake) is a promising strategy to limit agerelated sarcopenia. 19 Nonetheless, little information is available comparing nutrient intake, BC, and lifestyle between sarcopenic and non-sarcopenic obese older adults as well as about the role of inflammatory processes associated with sarcopenia. The aim of the present study was to analyse the association of lifestyle variables such as diet, dietary components, PA, BC, and inflammatory markers, with the risk of sarcopenic obesity.
Materials and methods

Study design
The current research is a cross-sectional analysis including baseline data of the PREDIMED-Plus study, a 6 year multicentre, randomized, parallel-group, primary prevention clinical trial conducted in Spain to assess the effect on cardiovascular disease morbi-mortality of a weight loss intervention programme based on an energy-restricted traditional Mediterranean diet, PA promotion, and behavioural support, in comparison with a usual care intervention only with energy-unrestricted Mediterranean diet (control group). A more detailed description of the PREDIMED-Plus study has been recently published, 20 and there is available study information at http://predimedplus.com/. This study was registered at the International Standard Randomized Controlled Trial (http://www.isrctn.com/ISRCTN89898870) with Number 89898870 (registration date 24 July 2014).
Study subjects
A total of 6874 participants were recruited at 23 different research sites in Spain and randomized to one of the two study groups (September 2013-December 2016). The eligible participants were community-dwelling adults (aged 65.2 ± 4.9 years) with overweight/obesity [body mass index (BMI) = 32.5 ± 3.3 kg/m 2 ], who met at least three components of the metabolic syndrome according to the updated harmonized criteria of the International Diabetes Federation and the American Heart Association and National Heart, Lung and Blood Institute. 21 Information about exclusion criteria has been previously published. 20 Most of participants (97.5%) were of Caucasian origin. All participants provided written informed consent, and the study protocol and procedures were approved according to the ethical standards of the Declaration of Helsinki by all the participating institutions.
The present work encompasses a subsample of participants who underwent dual-energy X-ray absorptiometry (DXA) scans for BC assessment (n = 1535) in seven out of the 23 PREDIMED-Plus recruiting centres, as these were the only centres with available DXA scanner for this research.
Assessment of body composition with dual-energy X-ray absorptiometry Dual-energy X-ray absorptiometry scans (Lunar iDXA and DXA Lunar Prodigy Primo, GE Healthcare) were performed by trained radiology technicians to assess BC following a validated standardized protocol and subject positioning provided by the manufacturer. The DXA was calibrated daily according to manufacturer guidelines. Thus, total bone mass, fat mass, lean mass, fat-free mass, and regionally distributed fat and lean mass (trunk, android, gynoid, arms, and legs) were determined. For visceral adipose tissue measures in the android region, scans were reanalysed using validated CoreScan software application.
22 Appendicular skeletal muscle mass (ASM, kg) was calculated as the sum of the muscle mass from the four limbs as described elsewhere.
23
Calculation of sarcopenic indexes
Skeletal muscle mass index (kg/m 2 ) was calculated with the equation ASM (kg)height 2 (m). The sarcopenic index (SI) was obtained by dividing the amount of ASM (kg) by the body weight (kg) × 100. 24 Participants were categorized according to the sex-specific SI tertiles (women: T 1 : <21.0%, T 2 : ≥21.0 to <22.7%, and T 3 : ≥22.7; men: T 1 : <26.3%, T 2 : ≥26.3 to <28.5%, and T 3 : ≥28.5%), which provide a good estimate of the amount of skeletal muscle mass relative to body size.
25
Thus, the higher index, the better for health.
Anthropometric, clinical, and biochemical variables
The anthropometric variables were measured at the baseline visit by trained staff according to the PREDIMED-Plus internal procedures. Body weight (kg) and height (cm) were measured in light clothing and without shoes with the use of a calibrated scale and a wall-mounted stadiometer, respectively. BMI was calculated as weight (kg) divided by the square of height (m). Waist circumference (cm) was measured midway between the lowest rib and the iliac crest using a measuring tape. Blood pressure and heart rate were measured in triplicate with the use of a validated semiautomatic oscillometer (Omron HEM-705CP, The Netherlands) according to World Health Organization criteria. Hypertensive participants were defined as those that registered high blood pressure levels (≥130/85 mmHg) at baseline or were on blood pressure medication. Blood samples were collected at baseline after 12 h overnight fast and were used to perform biochemical analyses by means of standard laboratory enzymatic methods. These analyses included plasma glucose (mg/dL), glycated haemoglobin (HbA1c, %), high-density lipoprotein cholesterol (HDL-c, mg/dL), and triglyceride (mg/dL) levels. Current diabetes was defined as previous diagnosis of diabetes or HbA1c ≥ 6.5%, use of antidiabetic medication, or fasting glucose >126 mg/dL in the screening visit plus fasting glucose >126 mg/dL at baseline visit. Participants with low HDL-c concentration were those who had low HDL-c levels, defined as <40 mg/dL in men and <50 mg/dL in women, or with HDL-c medication at baseline. Hypertriglyceridaemia was defined as presence of high triglyceride levels (≥150 mg/dL) or triglyceride-lowering drugs. A complete blood count was also performed following standardized procedures. Blood parameters assessed in this study were the white blood cell count, its subtypes (lymphocytes, monocytes, neutrophils, and eosinophils), and platelet count.
Dietary variables
At baseline, a trained dietitian administered a validated 143-item semi-quantitative food frequency questionnaire to determine dietary factors in a face-to-face visit.
26 Participants were asked about their frequency consumption of each specific item during the preceding year. There were nine possible answers ranging from never to more than six times per day, which were transformed to g/day, taking into account the standard portion size of each item. Two Spanish food composition tables were used to calculate total energy and nutrients intake.
27,28
The Mediterranean dietary pattern was calculated according to a validated Mediterranean dietary score, 29 considering the consumption of nine food groups or nutrients (cereals, fruits and nuts, vegetables, legumes, fish, meat, dairy products, ratio of monounsaturated to saturated fatty acids, and alcohol).
Physical activity variables
Leisure-time PA at baseline was evaluated with the validated REGICOR questionnaire as detailed elsewhere, 30 which included questions about the activity type, frequency (number of days), and duration (min/day) performed during a representative month. As described previously, 31 time spent in PA (min/day) was further obtained by assigning to each activity their corresponding intensity according to the compendium of PA. 32, 33 Time spent in total PA was computed as the sum of the time from all PA intensities. The 30 s chair stand test was used as an indicator of the lower-limb muscle strength. As reported, performance was based on the number of times participants stand and sit in a chair in 30 s.
34
Other sociodemographic variables
Participants self-reported baseline age, sex, smoking habit, and educational level. Smoking was categorized as current, former, and never smokers. Education was categorized as bachelor's degree, primary/secondary school, and no education/no data.
Statistical analyses
Normality of variables was initially studied by using the Shapiro-Wilk test. Baseline characteristics of the study participants are presented as means ± standard deviation for quantitative variables and numbers and percentages for categorical variables. Differences in anthropometric, BC, and biochemical variables, dietary characteristics, and food group intake among the three SI sex-specific tertiles were tested by analysis of variance and the χ 2 test for categorical variables.
Multiple adjusted linear regression models were used to evaluate the association between the variables showing a strong relationship (in tertiles) with SI (as continuous variable). We run first a minimally adjusted Model 1 including sex, age, and centre (all exposures). Model 2 was adjusted by the minimally sufficient adjustment set, determined using directed acyclic graphs (DAGs) implemented in DAGitty software, 35 available free on www.dagitty.net. The DAGs were built by identifying known factors affecting each of our exposures on SI (see DAGs in Supporting Information, Figure S1A -D). Thus, assuming the total effect of our exposures on SI, the covariables used in Model 2 included sex, age, centre, PA (in models with dietary, BC, and inflammatory variables as independent variables), Mediterranean dietary score (in models with PA, BC, and inflammatory variables as independent variables), and waist circumference (in models with inflammatory variables as independent variables). Additionally, as sensitivity analyses, multivariable models (Model 3) adjusted for the same covariables as in Model 2 plus mediators (direct effect determined using DAGs) were run: diabetes, neutrophil-to-lymphocyte ratio (NLR) (in models with dietary, PA, and BC variables as independent variables), and waist circumference (in models with dietary and PA variables as independent variables).
Lastly, we evaluated plausible effect modification by age group (<65 or ≥65 years of age), sex, diabetes (yes/no), obesity prevalence (BMI > 30 kg/m 2 ), and centre, by adding an interaction term between these variables and all exposures in a multiple adjusted linear regression model (Model 2). When a significant interaction was detected, stratified analyses were conducted.
Statistical analyses were performed using Stata 12.0, and the statistical significance was set at P < 0.05 for bilateral contrast.
Results
Subjects were categorized according to SI sex-specific tertiles. An overview on clinical and sociodemographic data, BC and inflammatory markers, and dietary characteristics, considering SI tertiles, are given in Tables 1, 2 , and 3, respectively. Participants from the first SI tertile were on average older, shorter, and had higher BMI, heart rate, and blood glucose level than subjects from the upper two tertiles (all P < 0.05) ( Table 1) . Subjects in the first SI tertile also showed higher frequency of abdominal obesity and diabetes but lower frequency of low HDL-c and hypertriglyceridaemia than subjects from the upper two tertiles (all P < 0.05) ( Table 1) . No differences in smoking habit and educational level were observed among groups. On the other hand, significant differences were found in PA among SI tertiles (P < 0.0001) ( Table 1 ). The 30 s chair test scoring was lower in participants from the first tertile as compared with subjects from the second and third tertiles (P < 0.0009) ( Table 1) .
Body composition variables showed no differences in bone mass between groups. Subjects in the first tertile had higher total fat mass, as well as higher trunk, android, gynoid, and visceral fat content than subjects from the second and third tertiles (all P < 0.0001) ( Table 2) . Regarding lean muscle mass, subjects in the first SI tertile had lower total lean mass and lower skeletal muscle mass index and fat-free mass content than subjects from the other groups (all P < 0.001) ( Table 2) .
No significant differences were observed in total energy intake among SI tertiles. However, subjects from the first tertile consumed less carbohydrate, fibre, and vitamin C and more saturated fat, than subjects from the other two tertiles (all P < 0.05) ( Table 3) . When dietary food groups were assessed, main differences were observed in fruits, cereals, and extra virgin olive oil, whose consumption was decreased in participants with lower SI (all P < 0.05) ( Table 3) .
Moreover, lower adherence to a validated Mediterranean dietary score was observed in the first tertile group as compared with the second and third tertile participants (P = 0.001) ( Table 3) .
Linear regression models were set up with SI as the dependent variable and lifestyle variables such as diet, PA, BC, and inflammatory markers as independent factors ( Table 4) . Both minimally adjusted (Model 1) and multiple adjusted (Model 2) models showed significant positive associations between the lowest to highest tertile of SI and adherence to the Mediterranean dietary score (P-trend = 0.045), PA (P-trend < 0.0001), and the 30 s chair stand test (Ptrend < 0.0001), whereas significant negative associations were found with an inadequate vitamin C consumption (Ptrend = 0.018), visceral fat (P-trend < 0.0001), leucocyte count (P-trend < 0.0001), and some white cell subtypes [neutrophils and monocytes (P-trend = 0.012)], NLR (P-trend = 0.010), and platelet count (P-trend = 0.020). In Supporting Information, Table S1 are shown other independent variables that were significantly associated to SI in descriptive analyses. Carbohydrates, fruits intake, and lean mass were significantly and positively associated with SI (all P-trend < 0.05), whereas saturated fat consumption, total fat, gynoid fat, and eosinophil count were inversely associated with SI (all P-trend ≤ 0.01). In order to estimate the magnitude of the association explained by the interrelation between lifestyle, obesity, inflammation, and sarcopenia, an additional Model 3 including all covariates to estimate the direct effect of DXA, dual-energy X-ray absorptiometry; FFM, fat-free mass; NLR, neutrophil-to-lymphocyte ratio; VAT, visceral adipose tissue; SI, sarcopenic index; SMI, skeletal muscle mass index; WBC, white blood cell count. Differences in characteristics among the three SI sex-specific tertiles were tested by analysis of variance. each exposure on SI, independently of potential mediators (Table 4 and Supporting Information, Table S1 ), was performed. Overall, no relevant changes were detected, that is, associations that were significant in Model 2 remained significant in Model 3. The association of some dietary exposures, that is, Mediterranean diet score, carbohydrates, and fruits intake, became weaker after adjusting for diabetes, obesity, and inflammation. CI, confidence interval; MET, metabolic equivalent; NLR, neutrophil-to-lymphocyte ratio; RDA, recommended dietary allowances; SI, sarcopenic index. RDA for vitamin C (90 mg/day for men and 75 mg/day for women). Analyses were performed using multivariable linear regression models. Model 1: adjusted by centre, sex, and age; Model 2: Model 1 additionally adjusted for plausible confounders: physical activity (in models with dietary, body composition, and inflammatory variables as independent variables), Mediterranean dietary score (in models with physical activity, body composition, and inflammatory variables as independent variables), and waist circumference (in models with inflammatory variables as independent variables); and Model 3 (sensitivity analyses): Model 2 additionally adjusted by plausible mediators: diabetes, NLR (in models with dietary, physical activity, and body composition variables as independent variables), and waist circumference (in models with dietary and physical activity variables as independent variables).
Effect modification analyses revealed a significant interaction between sex and PA, android fat, neutrophil, and platelet count on SI (all P for interaction <0.05). However, analyses stratified by sex showed that only the association between platelet count and SI was significant in men (P-trend = 0.002) but not in women (P-trend = 0.687). Also, the association between NLR and SI was only statistically evident in diabetics (P-trend = 0.027, P for interaction = 0.029) (Supporting Information, Table S2 ). Centre heterogeneity was observed in the association between the android fat, 30 s chair test, leucocyte count, and NLR with SI (all P < 0.05) (Supporting Information, Figure S2A-D) .
Discussion
The aim of the present study was to analyse the association of lifestyle variables such as diet, dietary components, PA, BC, and inflammatory markers, with the risk of sarcopenia. Most relevant results show that diet, the adherence to a dietary pattern such as Mediterranean diet as well as some dietary components like vitamin C and saturated fat, and PA are associated with sarcopenia, while obesity, particularly abdominal obesity, some metabolic alterations such as diabetes, and inflammatory factors seem to be mediating the effect. Both diet and PA have a direct impact on the development of obesity and metabolic alterations. This effect might be mediated mainly through the regulation of the inflammatory state as observed in the regression Model 3 when potential mediators were included. The association of diet with the SI lost the significance when the model was additionally adjusted by waist circumference, NLR, and diabetes, which suggests that obesity, inflammation, and diabetes are strong mediators of the effect of diet on SI. Interestingly, some specific dietary components such as vitamin C and saturated fat remained significant after adjusting by these potential mediators. Vitamin C and saturated fat consumption could have a direct effect on the process of sarcopenia. Some authors suggest that micronutrient intake, specifically vitamin C, is inadequate in obese subjects and subjects with metabolic syndrome.
36,37
An inadequate intake of vitamin C contributes to small overgrowth, transcytosis of enteric bacteria, and an elevation of lipopolysaccharides, which elicits a low-grade inflammatory response. 37 On the other hand, saturated fat can activate transmembrane proteins (toll-like receptors 2 and 4) involved in the activation of the innate immune system, leading to the activation of proinflammatory pathways and the secretion of proinflammatory cytokines, which predispose to adipose tissue inflammation and subsequent insulin resistance.
38
The sarcopenia condition of the study participants could be assumed as a chronic condition considering that all subjects of the study were overweight or obese and had metabolic syndrome. Chronic sarcopenia is likely to be associated with permanent and progressive processes such as ageing, obesity, and metabolic syndrome. 1, 39 It is not established which condition develops first, and due to the cross-sectional nature of the study, it is not possible to determine the cause and consequence. Sarcopenia and obesity are considered as the multifactorial syndromes with various overlapping causes and feedback mechanisms supposed to be strongly interconnected and aggravate each other. 40 On the other hand, the natural process of ageing is associated with an increase in visceral fat and a progressive loss of muscle mass driven by a low-grade chronic inflammation also referred as 'inflammaging'. 14 The excess of android and visceral fat promotes inflammation leading to a low-grade chronic inflammatory state that is involved in the obesity-related metabolic alterations as well as in the process of sarcopenia. Participants in the study had a leucocyte count within the clinical range; however, the slight and clinically insignificant increase in leucocytes observed in subjects from tertile 1 might be accelerating the sarcopenic process. An accelerated or decelerated ageing will depend on the individual genetic background interacting lifelong with environmental and lifestyle factors (nutrition, physical, mental activity, etc.).
14 The metabolic pathways involved in sarcopenia and sarcopenic obesity are poorly understood. However, available scientific evidences support the role of inflammation on the process of sarcopenia, which seem to be mediated through alterations on glucose metabolism such as hyperglycaemia and insulin resistance. 8, 41 Insulin resistance often occurs with abdominal obesity, and the association between both conditions is influenced by an overproduction of inflammatory cytokines. 42, 43 Hyperglycaemia, insulin resistance, and excess cytokine production have been shown to impact sarcopenia by promoting the deterioration of skeletal muscle fibre diameter and protein content, as well as prompting metabolic breakdown of skeletal muscle encouraging sarcopenic process. 44 In the present study, a significant interaction between NLR and diabetes on the SI was featured. The stratified analysis (diabetics and no diabetics) showed that the association of NLR with the SI was significant only in diabetic participants according to the theory that insulin resistance and inflammation impact on the sarcopenia process. Several sex interactions were found with PA, android fat, and neutrophil and platelet counts on SI. In the stratified analysis of the data by sex, the association of these exposures was not different between men and women, simply was stronger in men than in women. Men have more appendicular skeletal muscle mass, and the PA could be more effective in men than in women. On the other hand, android fat mass content used to be greater in men than in women. Therefore, inflammatory markers as well as android fat mass content were more strongly associated to SI in men than in women. Centre interactions were also observed with the 30 s chair test, android fat, mass content, leucocyte count, and NLR on the risk of SI. It is important to mention that despite the establishment of a standardized protocol and the great efforts of all the groups involved in the project to follow it correctly, it has finally been inevitable to obtain some heterogeneity between centres. Accordingly, we repeated the analyses stratifying by centre. Some centres showed higher spread data, but the associations were in the same direction. In any case, care should be taken concerning the overall interpretation of the data.
Some limitations should be mentioned concerning this investigation, because it is a cross-sectional design and causal effects cannot be inferred, and although regression models were adjusted for many variables, residual confounding is still possible. Depending on the sarcopenic obesity definition, there are more or less subjects with sarcopenic obesity, which indicates that some definitions could be underestimating/overestimating sarcopenia. Nutritional information and PA data come from self-reported questionnaires, and in spite that FFQ and PA questionnaires have been previously validated, this information should be treated with caution.
Conclusions
The present research investigated main differences in BC, biochemical, and lifestyle variables among pre-obese and obese older adults with metabolic syndrome and different SI values, trying to find out risk factors potentially involved in the onset and development of sarcopenia/sarcopenic obesity. Important differences were observed in BC, biochemical, and lifestyle factors being android/visceral adipose tissue, leucocyte and platelet counts, and NLR strong risk factors for the SI, while adherence to the Mediterranean diet, the intake of some specific nutrients (such as vitamin C), and PA appeared as protective factors for the development of sarcopenia. Improving nutrition and regular PA are key factors for decelerating the sarcopenic process and assure a healthy ageing. Actions to develop successful intervention programmes for a healthy lifestyle in order to promote a quality ageing focused on muscle mass maintenance, prevention of obesity, and independence living are warranted. Table S1 . Linear regression analyses with the SI as dependent variable and dietary, body composition and inflammatory variables as independent factors. Table S2 . Subgroup analysis for the association between exposures (physical activity, android fat, and inflammatory indicators) and SI by sex and diabetes considering only variables that showed statistically significant interaction. Figure S1 . Directed acyclic graphs (DAGs). The effect of dietary (A), physical activity (B), body composition (C), and inflammatory variables on Sarcopenic Index (SI), drawn and analysed using DAGitty (www.dagitty.net). Assuming total effect, plausible confounders used in the regression analysis were as follows: physical activity (in models with dietary, body composition and inflammatory variables as independent variables), Mediterranean dietary score (in models with physical activity, body composition and inflammatory variables as independent variables), and waist circumference (in models with inflammatory variables as independent variables). Assuming direct effect (sensitivity analysis), models were additionally adjusted by plausible mediators: diabetes, NLR (in models with dietary, physical activity and body composition variables as independent variables), and waist circumference (in models with dietary and physical activity variables as independent variables). Figure S2 . Forest plot representing subgroup analysis for the association between our exposures (A. 30-second chair test, B. android fat, C. leucocyte count, D. Neutrophil-to-lymphocyte ratio) and SI by center, considering only variables that showed statistically significant interaction.
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